The pharmacokinetic (PK) behavior of monoclonal antibodies (mAbs) is influenced by target-mediated drug disposition, off-target effects, antidrug antibody-mediated clearance, and interaction with fragmentcrystallizable domain (Fc) receptors such as neonatal Fc receptor. All of these interactions hold the potential to impact mAb biodistribution. Near infrared (NIR) fluorescent probes offer an approach complementary to radionuclides to characterize drug disposition. Notably, the use of IRDye800 (IR800; LI-COR, Lincoln, NE) as a protein-labeling agent in preclinical work holds the potential for quantitative tissue analysis. Here, we tested the utility of the IR800 dye as a quantitative mAb tracer during pharmacokinetic analysis in both plasma and tissues using a model mouse monoclonal IgG1 (8C2) labeled with £1.5 molecules of IR800. The plasma PK parameters derived from a mixture of IR800-8C2 and 8C2 dosed intravenously to C57BL/6 mice at 8 mg/kg exhibited a large discrepancy in exposure depending on the method of quantitation [CL plasma = 8.4 ml/d per kilogram (NIR fluorescence detection) versus 2.5 ml/d per kilogram (enzyme-linked immunosorbent assay)]. The disagreement between measurements suggests that the PK of 8C2 is altered by addition of the IR800 dye. Additionally, direct fluorescence analysis of homogenized tissues revealed several large differences in IR800-8C2 tissue uptake when compared with a previously published study using [ 125 I]8C2, most notably an over 4-fold increase in liver concentration. Finally, the utility of IR800 in combination with whole body imaging was examined by comparison of IR800-8C2 levels observed in animal sagittal cross-sections to those measured in homogenized tissues. Our results represent the first PK analysis in both mouse plasma and tissues of an IR800-mAb conjugate and suggest that mAb disposition is significantly altered by IR800 conjugation to 8C2.
Introduction
Monoclonal antibodies (mAbs) embody an attractive therapeutic modality for disease intervention as they combine high affinity and specificity toward their target with biologic half-lives conducive to schedules of infrequent dosing. In part, the success of mAb therapeutics has sparked efforts to harness the favorable pharmacokinetic properties of the antibody scaffold by fusing the fragment-crystallizable domain (Fc) of an IgG with novel biologic proteins (Korth-Bradley et al., 2000; Fast et al., 2009; Herzog et al., 2014) . However, the absorption, distribution, metabolism, and excretion of mAb-based proteins are complicated owing to interactions with the pharmacological target(s) (e.g., target-mediated drug disposition), the potential influence of antidrug antibodies, and interactions with Fc receptors. The aforementioned interactions create uncertainty when characterizing the pharmacokinetic and pharmacodynamic responses for mAbs and associated fusion proteins.
Knowledge of the disposition of engineered mAb-based therapeutic proteins that result from complex in vivo interactions provides insight into biologic activity and/or off-target effects, and can lead to design strategies that maximize the intended therapeutic response. Importantly, if the biodistribution of a candidate therapeutic is sufficiently resolved at the organ level during the design and testing stages of drug discovery, then this information can be useful for defining the parameters that best predict sites of target-mediated drug disposition and/or toxicity.
Radiolabeling of proteins represents an informative technique to study mAb distribution to antigen-specific tissues as well as overall organ exposure. For decades, mAb-based therapeutics have incorporated radionuclide labels for use as diagnostic tools (Sands, 1990; Duncan and Welch, 1993) . Different radiolabel tracers possess unique properties upon endogenous processing of the conjugated proteins. Notably, proteins conjugated with 111 In and 89 Zr exhibit increased mean residence time inside the cell, and as such are coined "residualizing" labels (Duncan and Welch, 1993) . Residualizing behavior is believed to arise from a combination of a slower rate of protein catabolism and elimination from the cell and is most probably related to intrinsic physical properties of the linker and metal (Geissler et al., 1991; Duncan and Welch, 1993; Zhu et al., 1997; Perera et al., 2007; Diagaradjane et al., 2008; Boswell et al., 2010) . In contrast, nonresidualizing probes that incorporate 3 H, 14 C, and 125 I eliminate their protein and radioisotope catabolites from the cell more rapidly. This subtle distinction in vivo for various radioisotopes can be exploited to differentiate mAb tissue accessibility versus catabolic fate (Yip et al., 2014) .
Several studies have used radiolabels to identify local off-target expression of an antigen, and to assess the impact of protein engineering on biodistribution and catabolism of mAbs (Aerts et al., 2009; Boswell et al., 2013; Steiner et al., 2013) . Although the utility of radiolabels for characterization of therapeutic mAb biodistribution is unquestioned, their use is precluded in many laboratories owing to stringent regulatory requirements, in addition to the costly operational overhead. Thus, the availability of a more generally accessible label would be valuable.
Near infrared (NIR) fluorescent probes combined with optical detection offer a complementary approach to radiolabeling that has gained much interest in the clinical setting (Tanaka et al., 2007; Guo et al., 2014) . For detection and imaging, NIR optical probes have several advantages over traditional fluorophores. First, the NIR spectrum is less prone to exciting endogenous fluorophores in animal tissue. Second, the long wavelength excitation and emission spectra of NIR probes allow for enhanced tissue penetration of the applied light source and transmittance of light from the specimen. These probe features result in negligible autofluorescence with enhanced signal recovery, and high target-to-background contrast. Last, direct tissue fluorescent measurement has been shown to be quantitative when proper sample dilution is considered (Oliveira et al., 2012) . NIR optical probes offer ease of use, are cost effective, and require no specialized equipment or added safety precautions.
Numerous options for fluorescent probes and labeling chemistries exist, but the use of indocyanine-based IRDye800 (IR800) from LI-COR (Lincoln, NE) allows the translation of preclinical data obtained with NIR conjugates to be used directly for downstream clinical studies. Although characterization of IR800 in tissue has been shown to be quantitative (Oliveira et al., 2012) , additional characterization of the pharmacokinetics (PK) of IR800-mAb conjugates is warranted. Specifically, preclinical study of IR800-mAb conjugates that do not contain additional radiolabels has yet to be conducted. We sought to compare the in vivo behavior of an IR800-mAb to both its unlabeled mAb equivalent and that bearing the nonresidualizing 125 I radiolabel. The objective of this current work is to evaluate and compare the pharmacokinetics and biodistribution in mouse of separately labeled IR800 and 125 I conjugates of the model murine mAb, mouse monoclonal IgG1 (8C2). In addition, the novel combination of whole body sectioning as a tool for imaging biodistribution with IR800 is explored.
Materials and Methods
8C2, a murine IgG1 antitopotecan antibody, was employed as a model mAb for this study. The antibody was produced and purified from the culture of hybridoma cells, as previously described (Chen et al., 2007) . Sodium iodide (Na-125 I) was obtained from PerkinElmer (Waltham, MA). Chloramine-T, sodium metabisulfite, calcium sulfate (CaSO 4 ), and carboxymethyl cellulose were from Sigma Life Science (St. Louis, MO). Potassium iodide was obtained from Fisher Scientific (Pittsburgh, PA). IRDye800 (IR800) was purchased from LI-COR. All other materials were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise specified.
8C2 Labeling. For conjugation of mAb 8C2 to IR800-NHS, 10 mg of antibody was buffer-exchanged into 100 mM potassium phosphate (pH = 8.5) using a Zeba 7-kDa MWCO spin-column (Pierce/Thermo, Rockford, IL), prior to dilution to a final reaction concentration of 1.5 mg/ml as determined by UV absorbance [« 280nm = 203,000 M 21 cm 21 in phosphate-buffered saline (PBS)/MeOH 1:1). A 20-mg/ml (17.2 mM) solution of IR800-NHS in DMSO was then added directly to the protein-containing buffer for a final molar excess of activated ester of 3:1. The reaction was shielded from ambient light and allowed to react at room temperature for 2 hours. To quench the reaction of excess activated NHS ester, 100 mM ethanolamine was added as a 1 M stock solution. Free dye and excess ethanolamine was removed from the reaction mixture via multiple rounds of buffer exchange on a Zeba 7k-Da MWCO spin column pre-equilibrated in PBS. Size exclusion chromatography was used to verify conjugate purity and the predominance of a monomeric mAb aggregation state monitored by UV-visible detection (215-, 280-, and 780-nm channels). Chromatography was conducted using an 4.6 Â 300 mm Bio SEC-3 [30-nm pore, 3-mm diameter particle; Agilent Technologies (Santa Clara, CA)] with mobile phase containing 100 mM KPi (pH = 7.2) plus 150 mM NaCl. Initial characterization of the degree of labeling was conducted by UV-visible absorbance analysis, using a molar extinction for the IR800 provided by the manufacturer (« 777nm = 270,000 in PBS/MeOH 1:1) and a correction factor of 0.03 to account for the contribution of the dye to absorbance at 280 nm. As a secondary confirmation of final protein concentration, the conjugate was subjected to IR analysis using a Direct Detect FTIR spectrometer (Millipore, Billerica, MA) to measure the characteristic amide-stretch frequency (1600-1700 cm 21 ) previously calibrated with bovine serum albumin (BSA) standards. Final confirmation of the labeling was performed by liquid chromatography-mass spectrometry on an AB Sciex 5600 Triple TOF (Framingham, MA) coupled with a Shimadzu LC20 HPLC (Kyoto, Japan).
8C2 was radiolabeled with 125 I using a modified chloramine-T method, as described in prior work (Garg and Balthasar, 2007) . Briefly, 10 ml of Na-125 I (100 mCi/ml) was added to the antibody solution, and 20 ml of chloramine-T (1 mg/ml in phosphate buffer) was then added to the mixture. The reaction was stopped after 90 seconds by the addition of 25 ml Na-metabisulfite (1 mg/ml in phosphate buffer), followed by 40 ml of potassium iodide (10 mg/ml). Iodinated protein was purified by loading the reaction mixture unto a Sephadex G-25 column (GE Healthcare, Pittsburgh, PA). The purity of the iodinated IgG was assessed using instant thin layer chromatography (PE SiL-G; Whatman Ltd., Kent, England) (Garg and Balthasar, 2007) . For all experiments, the purity of the iodinated preparation was higher than 99%.
8C2 Pharmacokinetics. Male C57BL/6NHsd mice (Harlan Laboratories, Indianapolis, IN), age 6-9 weeks, weighing between 20 and 40 g, were cared for in accordance with Committee for the Update of the Guide for the Care and Use of Laboratory Animals (2011). All research protocols were approved by the Institutional Animal Care and Use Committee and studies were in compliance with the Animal Welfare Act Regulations (9 CFR3) and the guidelines published by the National Institutes of Health.
8C2 tissue distribution and plasma PK were studied in C57BL/6 mice (20-40 g). To formulate the test article, unlabeled 8C2 and IR800-8C2 (degree of labeling = 1.2) were mixed for a final average degree of labeling of 0.2 and total 8C2 concentration of 1.4 mg/ml in PBS. The conjugate-containing mixture was dosed at 8 mg/kg intravenously via tail vein injection. Blood was collected from three animals per time point sacrificed by exsanguination at 1, 2, 6, 12, 24, 48, 96, 168, and 240 hours. After exsanguination, organs were harvested at each time point (liver, lung, GI, heart, kidney, bone, fat, muscle, skin, and spleen), rinsed with saline, blotted dry, and weighed, after which the tissues were frozen and stored at -70°C. Immediately prior to starting the homogenization procedure, the tissues were removed from the -70°C freezer, weighed, and along with 5-mm stainless steel grinding balls placed into a 96-well plate on ice. Chilled lysis buffer (50 mM Tris HCl, 100 mM NaCl, 0.1% Triton X-100, pH 7.4) containing a protease inhibitor cocktail (Roche, Indianapolis, IN) was then added at a volume equal to 2-fold the tissue mass (final conc. 1 g of tissue/2 g of buffer). The samples were homogenized using a Geno/Grinder 2010 (SPEX SamplePrep, LLC, Metuchen, NJ).
IR800-8C2 conjugate levels were quantitated by fluorescence in both serum and tissue homogenates using the following generic assay: Briefly, standard curves (ranging from 7.5 to 0.001 mg/ml) were prepared with IR800-8C2 test article spiked in control-tissue homogenate or serum diluted severalfold to assess matrix effects on the linear fluorescence response. Fluorescence (ex. = 784 nm, em. = 800 nm) of each 20-ml sample was measured in 384-well small-volume plate format with an Infinite M1000 PRO plate reader (Tecan, Morrisville, NC). Separate QC samples were prepared to validate each curve. To quantify levels in tissues, the samples were diluted directly in PBS to match the tissue-specific dilution matrix of each standard curve and quantified accordingly. The tissue concentrations were normalized to liver exposures for each individual animal. The final concentrations are reported in nanomolarity assuming a sample density of 1 g/ml and an 8C2 molecular weight of 150 kDa.
Plasma concentrations of 8C2 were also determined with the use of an antigencapture enzyme-linked immunosorbent assay (ELISA). Briefly, 8C2 capture was performed with use of a cationized BSA-topotecan conjugate (cBSA-top), synthesized through the use of a carbodiimide-catalyzed amide bond reaction. Microplate wells (VWR International, Bridgeport, NJ) were coated overnight with cBSA-top dissolved in 0.02 mM Na 2 HPO 4 , pH 9 (10 mg/ml, 250 ml/well). Plates were then washed with PB-Tween (0.05% Tween in 0.02 M Na 2 HPO 4 ), followed by two washes of double-distilled water. Plates were then incubated with standards and samples in triplicate (200 ml) for 2 hours at room temperature. At the end of incubation, the plates were washed and then incubated with 100 ml of goat anti-mouse-Fab alkaline phosphatase conjugate (Sigma-Aldrich, St. Louis, MO) for 1 hour at room temperature (1:500 dilution of the conjugate with PB-Tween with 30% BSA). After washing, p-nitrophenyl phosphate solution (Pierce/Thermo), 4 mg/ml in diethanolamine buffer, pH 9.8, was added to each well (250 ml/well). The change in absorbance at 405 nm with respect to time (dA/dt) was measured (Spectra Max 340; Molecular Devices, Sunnyvale, CA), and standard curves were obtained by fitting dA/dt versus 8C2 concentration.
The pharmacokinetics of 125 I-labeled 8C2 was conducted previously (Abuqayyas and Balthasar, 2012) . Briefly, 8C2 was combined with a tracer dose of [ 125 I]8C2 (10 mCi/mouse) and administered to a final dose of 8 mg/kg. Blood samples (20-40 ml) were collected from the retro-orbital plexus or from the submandibular vein at 1, 3, 8, 24, 48, 96, 168, and 240 hours. Blood samples were centrifuged at 13,000 rpm for 5 minutes. Plasma fractions were collected and radioactivity was counted using a gamma counter (LKB Wallac 1272; Wallac, Turku, Finland). Radioactive counts were corrected for decay and background, and 8C2 plasma concentration was determined.
The catabolite of IR800-8C2, IR800-L-lysine was formulated in 80% water and 20% DMSO to a total concentration of 2.0 mg/ml. The conjugate-containing mixture was dosed at 1 mg/kg intravenously via tail vein injection. Blood was collected from animals via retro-orbital sinus punctures for each time point; at 0-, 0.25-, 0.5-, 1-, 3-, 5-and 8-hour time points. Blood was transferred into Microtainer brand tube (BD Biosciences, San Jose, CA). Twenty minutes at room temperature was allowed for clot formation to generate ;50 ml of serum. Dilutions of 1/50 were carried out into PBS (pH 7.4) and analyzed for fluorescence (ex. = 784 nm, em. = 800 nm) in 384-well small-volume plates with an Infinite M1000 PRO plate reader (Tecan) as described for IR800-8C2 above.
Whole Body Imaging. A subset of animals (n = 9) dosed with IR800-8C2 and a separate subset (n = 3) dosed with vehicle only were reserved for whole body sectioning. Briefly, mice previously sacrificed and exsanguinated were frozen in a hexane/dry ice bath for approximately 2 minutes. The carcasses were then drained and blotted dry before storage on dry ice for at least 2 hours. The frozen carcasses were transferred to a bed of carboxymethylcellulose and frozen into blocks. Whole-body sagittal sections were generated using a Leica CM3600 cryomicrotome, and 40-mm thick sections were mounted and sealed between two layers of nonfluorescent adhesive tape.
Fluorescence imaging of the sagittal sections was conducted using an Odyssey CL x infrared imager (LI-COR). Briefly, a sagittal section was fixed directly to the surface of the imager and the minimum scanning field defined in Image Studio software (v2.1; LI-COR). The following settings were defined prior to data acquisition using the designated 800 channel: resolution (m) = 42 mm, quality (Q) = high, focus offset (f) = 0.0 mm, intensity = 40. Whole body slices were used for qualitative and quantitative analysis. For quantitative analysis, the organs of interest were manually outlined and the fluorescence intensity over the area of each region of interest was integrated and normalized to the signal measured in liver using Image.
Noncompartmental Pharmacokinetic Data Analysis. The mean area under the plasma or tissue concentration-time curves (AUC 0-10 days) were calculated for each measurement technique employed to assay 8C2 using the noncompartmental analysis (NCA) in WinNonlin 6.1 (Phoenix; Pharsight/Certara, St. Louis, MO). Plasma clearance (CL p ) and volume of distribution at steady-state (V ss ) were also determined using NCA.
Results
8C2 Antibody Labeling and Characterization. On the basis of the sensitivity of the IR800 dye and the desire to minimize potential effects of labeling on the antibody physicochemical properties, a low dye-toprotein ratio was targeted to achieve an average stoichiometry near 1:1. The resultant labeled antibody was characterized by UV and liquid chromatography-mass spectrometry to determine the dye-to-antibody stoichiometry and were in good agreement with estimates of 1.2 and 1.4 moles of dye-to-antibody by UV and mass spectrometry, respectively (data not shown). Removal of unreacted dye was achieved via buffer exchange and confirmed by size exclusion chromatography. Analytical size exclusion chromatography of the IR800 conjugate mixture showed that the antibody was retained predominantly as a monomer and had ,5% IR800 dye remaining (Fig. 1) .
8C2 Pharmacokinetics. 8C2 antibody serum exposures were determined directly by fluorescence on the basis of IR800 dye optical properties and by ELISA (Fig. 2) . The pharmacokinetic parameters were determined by NCA as described in the Materials and Methods section and are shown in Table 1 . The initial concentrations (C 0 ) were similar at 672 and 624 nM, when measured directly with fluorescence and ELISA detection, respectively. The clearance derived from the two methods was estimated at 8.4 ml/d per kilogram with direct fluorescence compared with 2.5 ml/d per kilogram for the ELISA method. The disparity in clearance resulted in a 42% decrease in total exposure when measured by IR800 directly. The AUC was correspondingly 1.9-fold lower for the IR800-labeled material. Trichloroacetic acid-treated serum resulted in no detectable fluorescent signal. The pharmacokinetic parameters by ELISA were similar to those measured previously by 125 I-labeled 8C2 directly (Abuqayyas and Balthasar, 2012) .
Tissue Quantitation with IR800-8C2 and [ 125 I]8C2. 8C2 tissue concentrations were evaluated by fluorescence detection in the liver, spleen, heart, lung, GI, kidney, muscle, skin, and bone. The AUC for each tissue was calculated using noncompartmental analysis. The parameters are reported in (Table 2) . Previously, tissue distribution for 125 I-labeled 8C2 was reported (Abuqayyas and Balthasar, 2012) , and these results are also included in Table 2 . A comparison of IR800-8C2 and [ 125 I]8C2 tissue pharmacokinetic profiles is captured in Fig. 3 . Comparative analysis revealed consistently decreased exposure for the IR800-8C2 mAb compared with [ 125 I]8C2. On average most tissues had 35% lower exposure compared with tissues measured with [ 125 I]8C2 (excluding the liver). In contrast, the liver exhibited a 3.8-fold increase C max for IR800-8C2 relative to [ 125 I]8C2, at 409 nM 6 36 nM versus 108 nM 6 20 nM, respectively. The corresponding AUC 0-10 was 32% greater in the liver for IR800-8C2 compared with [ 125 I]8C2. The kidney, lung, and spleen all had similar initial concentrations between the two tracers. For example, the kidneys showed similar initial tissue concentration of 164 nM 6 34 nM for IR800-8C2 compared with 139 nM 6 16 nM for [ 125 I]8C2, but then the IR800-8C2 concentrations fell sharply after 24 hours leading to an overall 3.9-fold lower tissue AUC 0-10 . A similar trend was observed for lung and spleen (Fig. 2) . All other tissues measured using IR800-8C2 showed substantial decrease in exposures relative to [ 125 I]8C2 ranging from 10 to 33% of the AUC 0-10 , respectively (Table 2) . Upon correcting for exposures of 8C2 in the blood compartment, the tissue exposures for IR800-8C2 were not substantially increased with the exception of the liver (Fig. 5) .
Whole Body Cross-Sectioning with IR800-8C2. Whole body cross-sections (sagittal plane) were taken at specific time points to capture tissue exposures and for comparison with quantitative organ homogenization. Representative images are displayed in Fig. 4 . In total, five levels were taken with level 1 being the outermost cross-section (closest to the skin) and level 5 representing the cross-section closest to the midline of the animal (Fig. 4, left panel) . A representative time course at level 2 is shown in Fig. 4 , right panel, and provides a time course of exposure to the major organs. At the initial time point it was evident IR800-8C2 was well distributed. In specific, the liver and bone marrow retained high levels of mAb. Organs of interest were quantified using LI-COR software (Image Studio v2.1). An attempt to use the whole body cross-sections to semiquantitatively measure tissue exposure was made by delineating the individual organs in the software prior to measurement of the integrated fluorescence intensity, which was then normalized against that of the liver. A comparison of the whole body sections to the homogenized organs is shown in Fig. 5 . The kidney, heart, muscle, bone, and GI were evaluated. In all tissues except the GI the levels determined from whole body cross-sections were lower than those derived directly from tissue homogenization. However, there were no statistically significant differences observed between the two methods.
Discussion
The differential serum exposure observed upon dosing IR800-8C2 depending on the quantitation assay employed (ELISA or direct IR800 fluorescence) was unexpected. Previous work (Oliveira et al., 2012) highlights the utility of the IR800 dye attached to antibodies as a method for evaluating mAb biodistribution. In that study, the authors employed a dual-labeling approach wherein cetuximab was labeled with desferalchelated positron emitter zirconium ( 89 Zr) and IR800 on the same mAb molecule to yield [ 89 Zr]cetuximab-IR800 (Oliveira et al., 2012) .This approach yielded similar patterns in biodisposition of the two tracers. Unfortunately, the comparison of dual-labeled [ 89 Zr]cetuximab-IR800 to [ 89 Zr]cetuximab rather than to unlabeled cetuximab confounds any interpretation of changes in drug disposition induced independently by either tracer.
Previously, Cohen et al. (2011) had highlighted the limitations of IR800 with regard to altered liver uptake, yet that study also drew conclusions from the use of mAb containing both [ 89 Zr]desferal and IR800 tracers. The results reported therein describe increased liver uptake when IR800 dye to mAb levels exceeded 1.5. With these previous results in mind, our aim was to keep the degree of labeling #1.5 to minimize the potential impact of IR800 on pharmacokinetics. However, even with these precautions, an effect was observed with respect to IR800-8C2 serum exposure. It is plausible that the differences in physicochemical properties of the 8C2 and cetuximab antibodies contribute to their unique biodistribution. Alternatively, the rather moderate alteration in blood clearance and biodistribution into tissues observed by Cohen et al. when using 1-2 molecules of IR800 may have been influenced by the coconjugation of the desferal chelate moiety, which may have masked some of the effects of IR800 tracer in the case of [ 89 Zr]cetuximab-IR800.
Previously, our laboratory has evaluated the IR800 dye to characterize biodistribution for several therapeutic proteins and mAbs. For example, Fig. 1 . Size exclusion chromatography (SEC)/UV characterization of 8C2 mAb (A), IR800 (B), and IR800-8C2 mAb (C). SEC chromatograms of both (A) and (B) were acquired after injection of 35 mg of protein material; a 20-ml injection of 5-mM IR800 dye solution was used for collection of (B). Note: The data for the 780-nm channel in (C) were multiplied by a factor of 2. Near IR Labeling for Tissue Distribution a 55-kDa mAb fragment bearing the IR800 dye as the tracer displayed a PK profile indistinguishable from the unlabeled molecule (Supplemental Fig. 1A ). An important distinction between this fragment and IR800-8C2 mAb is that it has much faster clearance compared with a full mAb (hours versus days). One possibility for the apparent lack of IR800 label-related effects during our previous study is that the molecule exhibits an inherently high clearance and short half-life that could mitigate any impact of IR800 tracer on the PK. Thus, we hypothesize that low clearance and long mean residence time are requisites to observe deviations in clearance from the parent molecule (i.e., the stark IR800dependent increase in CL will be sufficiently resolved). In support of our hypothesis, we have since examined other IR800-labeled mAbs and have observed results similar to those reported herein (Supplemental Fig. 1B) . These observations suggest that the effects of IR800 protein disposition are not mAb-specific, which may markedly limit the utility of this probe for quantitative tissue biodistribution studies, at least for mAb-based therapeutics. Work in our laboratory is ongoing to test whether the short half-lives of IR800-labeled mAb fragments, such as Fab and F(ab) 2 , mask the effects of IR800 on the observed pharmacokinetics and tissue distribution.
A benefit of using mouse mAb 8C2 as a model IgG1 is the lack of endogenous antigen, and it therefore displays linear pharmacokinetics, as previously demonstrated (Abuqayyas and Balthasar, 2012) . Importantly, these properties facilitate the comparison with previously reported PK studies of 8C2 with 125 I as the labeling agent. The pharmacokinetic parameters observed with IR800-8C2 were distinct from the [ 125 I]8C2 data when measured using IR800 fluorescence. However, when the IR800-8C2 was measured by ELISA, the data were comparable to those determined previously by gamma counting via the attached 125 I label (Fig. 2) . The distinction in analytical methods is that IR800 fluorescent detection measures only the conjugated 8C2, whereas the ELISA measures both the conjugated and unconjugated mAb. As such, the different results could arise via several mechanisms. The IR800 label on the mAb could be unstable yielding unreliable quantitation by fluorescence. In vitro incubations in plasma over 48 hours did not produce any loss in fluorescent signal (data not shown). In addition, analysis of tricarboxylic acid-precipitated serum supernatant revealed no fluorescent signal (,1 ng/ml), implying that IR800-8C2 circulates intact, and is consistent with previous stability experiments (Oliveira et al., 2012) . Fluorescence quenching is another possible rationale for a discrepancy in PK parameters, but the sensitivity of IR800 allowed for rather large dilutions that minimize this risk. Furthermore, if quenching was to occur, one would expect this effect to be variable across different tissues and this is inconsistent with the tissue PK that exhibits similar elimination rates for all sample types.
To further investigate if tissue-specific uptake was responsible for the accelerated clearance of IR800-8C2, quantitative tissue analysis was performed. The [ 125 I]8C2 tissue distribution data previously generated was used as a baseline of what might be expected for IR800-8C2 (Fig. 3) . The liver showed higher 8C2 concentrations for the first 5 days with the IR800 tracer versus [ 125 I]8C2. Given that the liver is one of the primary clearance organs for mAbs, this increase is probably responsible for the lower serum exposures of IR800-8C2. It is important to recognize that the higher concentrations of IR800-8C2 could also be related to the residualizing nature of the IR800 tracer compared with 125 I. However, upon analysis of the other tissues the IR800 levels were consistently lower than those obtained with 125 I. These findings are at odds with what would be expected for a residualizing tracer that is anticipated to have greater tissue exposure relative to a nonresidualizing 125 I (Table 2 ; ratio of IR800 T:S/ 125 I T:B). Therefore, the increased liver concentrations for IR800-8C2 do not appear to be a result of differences in residualizing properties between the two tracers. The Pharmacokinetic analysis of 8C2-labeled antibody.
IR800-8C2 was measured by ELISA or fluorescence from the IR800. The I 125 was measured directly by gamma counter. The pharmacokinetics of the catabolite of the IR800-8C2, Lys-IR800 was also characterized. Pharmacokinetics were assessed with n = 3 animals per group. Average and standard deviations are indicated in parentheses. increased liver signal is most probably attributable to increased specific uptake and elimination of IR800-8C2. Previous studies demonstrated specific uptake of several proteins, including IgG, into mouse liver nonparenchymal cells via scavenger receptors after modification with succinic acid to alter the negative charge density (Yamasaki et al., 2002) . By extension, it is possible that conjugation of IgG with IR800, which bears several sulfonic acid groups, may influence the disposition of IR800-8C2 in a similar fashion. Previously, parallels between IR800 tissue concentrations to those observed with 89 Zr provide evidence (Oliveira et al., 2012) to support that IR800 can behave as a residualizing tracer. However, as mentioned previously, that study evaluated a dual-labeled ( 89 Zr and IR800) molecule. It is plausible that the dual labeling approach interferes with the inherent properties of the IR800. Specifically, the 89 Zr chelate desferal moiety could impact the cellular disposition of the IR800 catabolite. We have identified the major catabolite from IR800 protein conjugation to be IR800-L-lysine (data not shown). Therefore, in a separate mouse study, we administered an intravenous dose of IR800-L-lysine and observed rapid clearance from serum (Fig. 2) . The rapid elimination of IR800-L-lysine (t 1/2 , 1 hour) is consistent with the molecules zwitterionic character that should lead to low permeability. To this end, the formation of the IR800-L-lysine in the cell upon catabolism of IR800-8C2 could lead to reduced cellular efflux. These findings support further investigation into the tracer properties of IR800.
Lastly, an additional aim of this work was to evaluate the ability of IR800 tracer in combination with whole body imaging using a fluorescent scanner as an affordable, rapid method to perform tissue biodistribution studies. The technique is capable of generating quality images using a basic laboratory infrared scanner and can be used to detect exposures to the major organs (Fig. 4) , similarly to quantitative whole body autoradiography techniques. Ideally, the whole body imaging could represent the tissue concentrations that were determined by homogenization. Figure 5 compares the tissue homogenized AUC 0-10 values compared with the organ quantified by region-of-interest at the 48-hour time point, demonstrating the feasibility of this approach. The tissue levels were normalized to the liver values determined from each analytical technique. The two methods did not yield any statistical difference in the subset of tissue analyzed illustrating the potential value of this approach. Several advantages of this technique are the ability to rapidly sample across the entire organ in addition to specific regions of interest. This method also allows strict boundaries to be drawn between tissues. One drawback is that not all organs are clearly identifiable within the cross-sections. Further optimization of the technique should be employed in an attempt to improve the translation of data from whole body imaging to that from homogenization using a fluorescent tracer that does not impact protein disposition. For example, it is possible to vary the chosen tissue slice thickness, and this may allow less heterogeneous tissue sampling in a thicker slice; alternatively, one could aim for less variability in fluorescent signal via signal quenching if the slice thickness is reduced.
On the basis of the findings herein, the IR800 as a tracer for proteins clearly impacts the pharmacokinetics of mAbs and is not ideal for determining absolute tissue distribution in mice. However, the sensitivity and selectivity of the IR800 tracer is obvious and the potential to provide exquisite contrast from background enables clear distinction of antigenexpressing tissues in mouse xenograft models and can serve as a useful tracer for intraoperative imaging (Kovar et al., 2009; Keereweer et al., 2012) . Investigations into the mechanism(s) leading to the accelerated serum PK and enhanced liver uptake are ongoing. Defining the translation of these findings from the mouse to humans will be important to developing quantitative optical imaging techniques and can provide additional characterization of fluorescent tracers for use as clinical diagnostic tools. Fig. 4 . Whole body cross-sectional imaging of IR800-8C2 highlighting the different depths of sagittal sectioning to highlight different anatomy: skin (1), eye (2), kidney (3), lung (4), liver (5), spine (6), brain (7), heart (8) and GI (9). Time course of IR800-8C2 tissue exposures (2, 48, and 240 hours) and vehicle control (C) with whole body slices (n = 3 animals per time point). 
